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FGF22 and Its Close Relatives Are Presynaptic
Organizing Molecules in the Mammalian Brain
apses, respectively (Hall et al., 2000; Noakes et al., 1995;
H. Nishimune and J.R.S., submitted), and roles of neuro-
ligin and SynCAM in vivo remain unclear. We therefore
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2 Department of Molecular Biology sought molecules that play critical roles as presynaptic
organizers. Rather than testing plausible candidates,and Pharmacology
Washington University Medical School however, we purified active components from mouse
brain, using the ability to cluster synaptic vesicles inSt. Louis, Missouri 63110
3 Department of Molecular and Cellular Biology cultured neurons as a bioassay. We found that a major
active component is fibroblast growth factor (FGF) 22.Harvard University
7 Divinity Avenue FGFs are a family of 20 intercellular signaling mole-
cules that signal through a set of four receptors (FGFRs;Cambridge, Massachusetts 02138
reviewed in Ornitz and Itoh [2001]). FGFs have been
implicated in regulation of a wide range of processes,
including cell proliferation, migration, differentiation, tis-Summary
sue repair, and response to injury. At least 14 FGFs and
all four FGFRs are expressed in the developing or matureTarget-derived cues promote local differentiation of
axons into nerve terminals at sites of synaptic contact. nervous system, and family members have been shown
to play critical roles in neural induction, neural plateUsing clustering of synaptic vesicles in cultured neu-
rons as an assay, we purified putative target-derived patterning, neuronal proliferation and survival, and neu-
roprotection (reviewed in Dono [2003]; Reuss and vonpresynaptic organizing molecules from mouse brain
and identified FGF22 as a major active species. FGF7 Bohlen und Halbach [2003]). With few exceptions, how-
ever (Dai and Peng, 1995; Li et al., 2002), members ofand FGF10, the closest relatives of FGF22, share this
activity; other FGFs have distinct effects. FGF22 is this family have not been considered as mediators of
synaptic interactions.expressed by cerebellar granule cells during the period
when they receive synapses. Its receptor, FGFR2, is FGF22 is part of a subfamily whose other members
are FGF7 and -10; these three FGFs are more closelyexpressed by pontine and vestibular neurons when
their axons (mossy fibers) are making synapses on related to each other by sequence than to any other
FGFs, and they all preferentially bind to an alternativelygranule cells. Neutralization of FGF7, -10, and -22 in-
hibits presynaptic differentiation of mossy fibers at spliced product of the FGFR2 gene, called FGFR2b (Miki
et al., 1992; Ornitz et al., 1996; Yeh et al., 2003; thissites of contact with granule cells in vivo. Inactivation
of FGFR2 has similar effects. These results indicate study). FGF7 and -10 are expressed by mesenchymal
cells and play critical roles in signaling to adjacent ecto-that FGF22 and its relatives are presynaptic organizing
molecules in the mammalian brain and suggest new dermal cells in multiple tissues, including skin, kidney,
and lung (Guo et al., 1996; Min et al., 1998). FGF22 isfunctions for this family of signaling molecules.
expressed in skin and brain but no studies on its bioac-
tivity or function have been reported (Nakatake et al.,Introduction
2001; Beyer et al., 2003).
Here we show that FGF22 promotes several aspectsAs the nervous system develops, axons become spe-
cialized for neurotransmitter release precisely at sites of of presynaptic differentiation in vitro, that FGF7 and
-10 share these activities, and that a member of thiscontact with their synaptic targets, implying that target-
derived factors organize presynaptic differentiation (re- subfamily, most likely FGF22, is required in vivo for pre-
synaptic differentiation of mossy fibers, the major inputsviewed in Sanes and Lichtman [1999]; Scheiffele [2003];
Yamagata et al. [2003]). In vertebrates, such factors have to cerebellar granule cells. Our results demonstrate a
critical role for FGFs in synaptogenesis.so far been identified by a candidate approach: proteins
that seemed likely to promote such differentiation were
tested on cultured neurons and shown to cause cluster- Results
ing of synaptic vesicles into aggregates resembling
those found in nerve terminals. Presynaptic organizing Assay and Purification of Presynaptic
molecules analyzed in this way include laminin 2 (Por- Organizing Molecules
ter et al., 1995; Son et al., 1999), neuroligin (Scheiffele Our aim was to identify target-derived molecules that
et al., 2000), WNT-7a (Hall et al., 2000), and TSLC1/ promote differentiation of neuritic segments into presyn-
SynCAM (Biederer et al., 2002). To date, however, no aptic nerve terminals. A striking feature of presynaptic
molecule has been shown to promote the initial steps differentiation is the aggregation of synaptic vesicles at
in the transformation of a growth cone into a nerve sites of contact with target cells. We therefore used an
terminal in vivo: WNT-7a and laminin 2 appear to be assay based on the distribution of a synaptic vesicle-
involved in maturation and stabilization of presynaptic associated protein, synapsin (Murthy and DeCamilli,
specializations at cerebellar and neuromuscular syn- 2003), in cultured chick motoneurons (Henderson et al.,
1996). To focus our search on molecules that exert direct
effects, the motoneurons were separated from other*Correspondence: sanesj@mcb.harvard.edu
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Figure 1. Purification of Presynaptic Organizing Molecules from Mouse Brain
(A) Chick motoneurons stained with anti-neurofilament to visualize neurites plus anti-synapsin to assess distribution of synaptic vesicles within
the neurites. Before staining, neurons were cultured for 2 days in control medium (top) or in the presence of an extract prepared from P7
mouse forebrain (1: 200 dilution; middle) or in the presence of the purified presynaptic organizing protein shown in (E) (100 ng/ml; bottom).
Under control conditions, neurons bore a few, sparsely branched neurites and synapsin was diffusely distributed throughout the cytoplasm.
The extract induced elongation and branching of neurites and aggregation of vesicles. The purified protein induced vesicle aggregation and
neurite branching but not neurite elongation (see Figures 2C–2E for quantitation). Bar is 30 m for neurofilaments, 15 m for synapsin.
(B–D) Purification of a presynaptic organizing protein from brain extract by sequential chromatography on DEAE Sepharose FF (B), Superdex-
200 (C), and MONO-S (D). Protein concentration in the eluate, monitored by absorbance at 280 nm (A280) is indicated by solid lines. Note that
scales in (B)–(D) extend to 0.5, 0.1, and 0.01 OD units, respectively. Salt concentration of the eluate (mM NaCl) is shown by the dotted line
in (B) and (D); eluate composition was constant in (C). Presynaptic organizing activity of selected fractions, monitored by the assay in (A), is
shown by vertical bars (number of aggregates per mm neurite). Fractions indicated by horizontal bars in (B) and (C) were pooled and subjected
to further purification.
(E) Fractions indicated by the horizontal bar in (D) were pooled, separated by SDS-PAGE, and stained with Colloidal Blue. The major band
(20 kDa; arrow) was identified as FGF22.
neuronal cell types (90% purity, as shown by expres- tionation by anion exchange chromatography (DEAE)
revealed two peaks of activity that induced synapsinsion of the motoneuron marker BEN/SC1) as well as from
glia (shown by complete absence of cells containing glial redistribution (Figure 1B). The second peak, on which
we focus here, also increased neurite branching but didfibrillary acidic protein [GFAP] and S-100) and cultured
at low density (20/mm2). Under these conditions, many not promote neurite elongation. It was fractionated by
three further chromatographic steps (Figures 1C and 1Dneurons extended neurofilament-positive neurites within
which synapsin was diffusely distributed (Figure 1A, and data not shown). The most active fractions from the
final column retained both synapsin redistribution andtop). We then prepared an extract from forebrains of
one-week-old mice. The age was chosen because the branch-promoting activities (Figure 1A, bottom) and
contained a single main protein of 20 kDa (Figure 1E)rate of synaptogenesis is maximal during this period
(Vaughn, 1989). The tissue was extracted at high ionic along with minor proteins of 110 and 40 kDa (barely
visible in the photograph). When neighboring fractionsstrength because many signaling molecules are electro-
statically bound to membranes or matrix. Neurons cul- were assayed, the concentration of the20 kDa protein
correlated best with synapsin redistribution activity, sotured in the presence of this extract (1:200 dilution of
a 2 mg/ml extract) for 2 days differed from untreated it was subjected to in-gel tryptic digestion. Peptides
were processed for mass spectrometry, resulting incontrols in three ways: their neurites were longer and
more branched and synapsin was distributed in a punc- identification of FGF22 as the major component of the
sample.tate, varicose pattern (Figure 1A, middle; see also Fig-
ures 2C–2E). Thus, this extract contained molecules that
affect neurite growth and may promote presynaptic dif- Presynaptic Organizing Activity of FGF22
To verify the activity of FGF22, we cloned a mouseferentiation.
We used synapsin distribution as an assay to monitor FGF22 cDNA, prepared recombinant FGF22, and as-
sessed its effects on cultured motoneurons. Treatmentpurification of active components from the extract. Frac-
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Figure 2. Presynaptic Organizing Activity of FGF22
(A) Purified recombinant FGF22 (1 nM) promoted neurite branching and clustering of synaptic vesicles in cultured neurons, as monitored by
staining for neurofilament, synapsin, and SV2. Neurons were cultured with 1 g/ml heparin. FGF22 induced synaptic vesicle aggregates and
axon branching. Methods were as in Figure 1A. Bar is 40 m for neurofilaments, 20 m for synapsin and SV2.
(B) Vesicles in FGF22-induced varicosities are capable of depolarization-dependent recycling. Neurons were depolarized in the presence of
FM1-43 dye for 90 s, then washed briefly and photographed. Varicosities (examples indicated by arrowheads) took up dye (left panels). The
dye was then released by an additional round of depolarization (1 min incubation in 90 mM KCl; top right) but retained during incubation for
an equal interval in 4 mM KCl (bottom right). Bar is 50 m.
(C–E) Endogenous and recombinant FGF22 have similar effects on cultured neurons. Neurons were cultured under control conditions (C) or
with crude brain extract (X), purified endogenous FGF22 (fraction shown in Figure 1E; P), or purified recombinant FGF22 (1 nM; F22). Methods
were as in Figure 1A. Graphs show number of synapsin-positive vesicle clusters per mm neurite (Agg/mm; C), length of primary neurites (mm;
D), and number of branch points per primary neurite (E). Endogenous and recombinant FGF22 both induced vesicle clustering and neurite
branching but had no effect on neurite length. The crude extract affected all three parameters, indicating that distinct outgrowth-promoting
factors were removed during the purification procedure. Bars show mean  SEM for 500 neurons per condition. *: differs from control at p 
0.01 by Scheffe test.
(F) FGF22 increases the number of functional varicosities in cultured neurons. Decrease in fluorescence intensity of FM1-43-stained puncta
following release, measured from micrographs such as those in (B) (top pair). All puncta in three fields were measured. FGF22 increased the
total number of varicosities that take up FM1-43 on depolarization and the amount of dye each released during a second depolarization.
(G) Time course. All cultures were plated at the same time and fixed after 72 hr; FGF22 (1 nM) was added for the indicated period prior to
fixation. Vesicle clustering and neurite branching were quantified as in (C)–(E). Both effects were detectable within 12 hr of FGF22 addition
and near-maximal when FGF22 was present for only the last third (24/72) of the culture period.
(H) Dose dependence. Cultures were treated with FGF22 at the indicated concentration for 48 hr, then vesicle clustering and neurite branching
were quantified as in (C)–(E).
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of neurons with recombinant FGF22 had effects similar al., 2002) and may have cell type-specific effects. FGF23
is active in mitogenic assays only at100 nM concentra-to those of the purified 20 kDa protein from brain: both
tion (D.M.O., unpublished data), so it might require still-led to formation of synapsin-rich aggregates and in-
unidentified cofactors.creased the extent of neurite branching but had no de-
We draw three conclusions from these results. First,tectable effect on neurite length or neuronal survival
some but not all FGFs promote vesicle clustering and(Figures 2A and 2C–2E and data not shown). Effects
might, by this criterion, be presynaptic organizing mole-were detectable by 12 hr of FGF22 treatment and nearly
cules. Second, FGFs differ in their activities, not onlymaximal after 1 day (Figure 2G). After 2 days (the time
with respect to vesicle aggregation but also with respectused in subsequent assays), FGF22 exerted detectable
to neurite branching and elongation. Third, there is aeffects on synapsin redistribution and branching at a
striking correspondence between activities of FGF fam-concentration of 0.25 nM and near-maximal effects at
ily members and their primary structure, with closely1 nM (Figure 2H). No previous studies have reported on
related FGFs (such as FGF7, -10, and -22; FGF4 and -6;bioactivity of FGF22, but its efficacy in our assay is
and FGF17 and -18) having similar effects (Figure 3C).similar to that reported for its close relative, FGF7, in a
mitogenic assay (Post et al., 1996).
Expression of FGF22, Its Close Relatives,If the synapsin redistribution induced by FGF22 repre-
and Their Receptorsents vesicle clustering, a similar effect should be seen
For FGF22 to serve as a retrograde signal for presynapticwith other vesicle components. If the vesicle clusters
differentiation, it must be expressed by neurons whenresemble synaptic varicosities, they should be released
they are receiving synapses and its receptor must beand recycled following depolarization. We confirmed
expressed by the neurons that innervate the FGF22-both predictions. FGF22 redistributed the intrinsic vesi-
positive population. We used in situ hybridization tocle protein, SV2, as well as the peripheral vesicle-associ-
seek such pairings. We examined brains at P8, whenated protein, synapsin (Figure 2A). Moreover, neurites
synaptogenesis in many areas is at its peak, and atof FGF22-treated motoneurons took up the fluorescent
P23, by which time the pace of synapse formation hasstyryl dye, FM 1-43 (Betz and Bewick, 1992), in a punc-
greatly declined.tate pattern following depolarization with a high K solu-
FGF22 was expressed by several neuronal popula-tion; the neurites retained the dye when subsequently
tions, including pyramidal neurons in hippocampus andrepolarized but released it rapidly following a second
granule cells in dentate gyrus and olfactory bulb (datadepolarization (Figure 2B). Measurement of FM1-43 flu-
not shown). Of particular interest was the cerebellumorescence showed that FGF22 increased both the total
because its major neuronal populations have well-char-number of active varicosities and the amount of dye that
acterized synaptic inputs and targets. At P8, expressioneach varicosity was capable of releasing (Figure 2F).
of FGF22 was high in the largest cerebellar neuronalTogether, these results support the idea that FGF22 is
population, the granule cells. Granule cells are born ina brain-derived presynaptic organizer.
a superficial outer granule layer perinatally, then migrate
inward during the first postnatal week, whereupon theyEffects of FGF Family Members
receive synapses from incoming axons called “mossy
on Neurite Development
fibers” (Altman and Bayer, 1997). Both the premigratory
We wondered whether the effects of FGF22 on chick
population in the external granule layer and the postmi-
motoneurons were specific for this protein or shared gratory population in the internal granule layer were
with its relatives. To address this issue, we tested a FGF22 positive at P8 (Figure 4A). Levels of FGF22 de-
panel of 12 purified, recombinant FGFs on motoneuron creased markedly by P23, in parallel with the decline of
cultures, assaying the three activities described above: synaptogenesis.
vesicle aggregation, axon branching, and neurite elon- Although all four FGFRs are expressed in brain, we
gation. Examples are shown in Figure 3A, effects of expected that the primary receptor for FGF22 would
six FGFs are quantified in Figure 3B, and all data are be FGFR2b based on strong evidence that its closest
summarized in Figure 3C. relatives, FGF7 and FGF10, act primarily through this
The two closest relatives of FGF22, FGF7 and FGF10, alternatively spliced form of FGFR2 and bind poorly to
behaved similarly to FGF22 by all criteria assessed: all the other main FGFR2 splice variant, FGFR2c (see Intro-
three promoted vesicle clustering and neurite branching duction). Thus, if granule cells use FGF22 to regulate
but had no detectable effect on the length of neurites. differentiation of the synapses they receive, one would
None of the other nine FGFs tested exhibited this combi- predict that neurons in pontine and vestibular nuclei of
nation of activities. FGF4, -6, and -9 promoted vesicle the brainstem, which give rise to most mossy fibers,
clustering and neurite elongation but had no detectable would express FGFR2b.
effect on neurite branching. A third group, FGF17 and As a first test of this prediction, we used a probe that
-18, affected neither vesicle clustering nor neurite elon- recognizes all FGFR2 isoforms. As reported previously
gation but did enhance neurite branching. (Belluardo et al., 1997), FGFR2 is expressed by glial
FGF1, -2, -5, and -23 had no significant effect in our cells, including Bergman glia in the cerebellar cortex
assays but might exert effects under different condi- (Figure 4A). In addition, some neuronal populations ex-
tions. FGF1 activates the same receptor as FGF7/10/22 pressed FGFR2, and these included the large pontine
(FGFR2b; see Introduction), but it also activates other and vestibular neurons that give rise to mossy fibers
receptors (Ornitz et al., 1996), which might exert counter- (Figures 4B and 4C). As was the case for FGF22 in
acting effects. FGF2 has been reported to induce vesicle cerebellum, levels of FGFR2 RNA in pontine and vestibu-
lar nuclei declined between P8 and P23.clustering in other systems (Dai and Peng, 1995; Li et
FGF22 Is a Presynaptic Organizing Molecule
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Figure 3. Diverse Effects of FGFs on Cultured Neurons
(A) Examples of neurons cultured in the presence of FGF1, -2, -9, -10, or -17. Neurons were cultured with 2 nM recombinant FGF plus 1 g/ml
heparin. After 2 days, cultures were stained with anti-neurofilament (NF) and anti-synapsin (Syn). Methods were as in Figure 1A. Bar is 40 m
for neurofilament, 20 m for synapsin.
(B) Effects of six FGFs on vesicle clustering and neurite branching, measured as in Figures 2C–2E. Bars show mean  SEM for 300 neurons
per condition. *: differs from control at p  0.01 by Tukey test.
(C) Evolutionary relationships among FGFs (from Ornitz and Itoh [2001]) and effects of 12 family members in vesicle aggregation (Agg), neurite
branching (Br), and neurite elongation (L), determined from experiments such as those shown in Figures 2C–2E and 3B.
Attempts to determine whether pontine and vestibular tion of FGF7 and -10 because they exhibit presynaptic
organizing activity in vitro and activate FGFR2b. Bothneurons expressed FGFR2b were unsuccessful: a probe
specific for the short (150 nt) sequence that distin- were expressed at very low levels by granule cells at
P8 and were undetectable at P23; FGF7 was expressedguishes FGFR2b from FGFR2c detected this isoform in
areas where total FGFR2 is abundant, but not in neurons, at high levels by Purkinje cells at both ages (Figure 4A).
Thus, of the FGF7/10/22 subfamily, FGF22 is most likelywhich express low levels of FGFR2 RNA. Moreover, an
antibody specific for FGFR2b was unsuitable for immu- to affect synaptic development of mossy fibers.
nohistochemistry. However, immunoblotting showed
that FGFR2b protein was present in the pons and cere- FGF-Dependent Presynaptic Differentiation
in Coculturesbellum (Figure 4D; multiple bands probably represent
products generated by alternative splicing; Xu et al., Based on activities and expression patterns described
above, we hypothesized that cerebellar granule cells use1998). Cerebellar FGFR2b protein levels decreased be-
tween P8 and P23, consistent with the decline in pontine FGF22 to promote presynaptic differentiation of mossy
fiber axons. To test this idea, we cultured pontine orand vestibular mRNA levels. We speculate that FGFR2b
is generated by cells in the brainstem and transported vestibular explants on laminin-coated substrates with
or without dissociated granule cells. Neurites extendedto the cerebellum along mossy fibers.
In parallel to these studies, we examined the distribu- from the explants whether or not granule cells were
Cell
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present, but the distribution of synaptic vesicles in the
neurites differed in the two conditions: in the absence of
granule cells, vesicle antigens were diffusely distributed,
whereas in their presence, neurites extending from the
explants formed vesicle-rich varicosities at sites of con-
tact with granule cell processes (Baird et al., 1992;
Scheiffele et al., 2000; Figure 5F). Using this system, we
tested whether FGF22 mediated effects of granule cells.
First, we asked whether FGF22 could promote differ-
entiation of mossy fibers in the absence of granule cells.
FGF22 markedly stimulated formation of varicosities in
neurites extending from pontine and vestibular neurons
(Figures 5A, 5C, and 5D). FGF22 did not, however, de-
tectably affect neurite outgrowth from either population
(data not shown), nor did it significantly affect the overall
levels of vesicle proteins in the neurons (Figure 5E).
Thus, FGF22 appears to promote reorganization of com-
ponents of the mossy fiber release apparatus into vari-
cosities.
Next, we used the cultures to validate a method for
blocking the activity of FGF22. We used a recombinant
protein in which the extracellular domain of FGFR2b
was rendered soluble by fusion to alkaline phosphatase
(FGFR2bAP; Ornitz et al., 1992). As described above,
this protein binds to, and should thereby neutralize,
FGF7, -10, and -22. FGFR2bAP (100 nM) almost com-
pletely inhibited the ability of FGF22 to induce varicosi-
ties in vestibular neurites (Figures 5B and 5D). In con-
trast, a similar fusion protein generated from the FGFR2c
isoform, which does not bind FGF7 or -10, had no ef-
fect on the ability of FGF22 to induce varicosities
(FGFR2cAP; Figures 5B and 5D). These results support
the idea that FGF22 binds selectively to FGFR2b and
provide a means for neutralizing FGF22.
We next asked whether FGFR2bAP or FGFR2cAP af-
fected formation of varicosities formed by vestibular or
pontine neurites cocultured with granule cells. A compli-
cation in initial experiments was that antibodies to vesi-
cle proteins stained granule cells as well as pontine
or vestibular neurites. To circumvent this problem, we
generated transgenic mice in which a synaptophysin-
YFP fusion protein was expressed under the control of
regulatory elements from the thy-1 gene (Feng et al.,
levels by granule cells at P8; levels decline markedly by P23. FGFR2
is expressed by Bergman glial cells at both ages. Insets, at higher
magnification, highlight distinction between FGF7-positive Purkinje
cells and FGFR2-positive Bergman glia (red); sections were counter-
stained with DAPI (blue). EGL, external granule cell layer; P, Purkinje
cell layer; IGL, internal granule cell layer; ML, molecular layer. Bar
indicates 50 m for low power micrographs, 10 m for insets.
(B and C) In situ hybridization to sections of pontine (B) and vestibu-
lar (C) nuclei at P8 (left) and P23 (right). FGFR2 is expressed by
large neurons in both nuclei at P8; levels decline by P23 but some
cells still express low levels of FGFR2 (arrowheads). Inset: high
magnification view of an FGFR2-positive pontine cell, counter-
stained with DAPI, shows its large size, diagnostic of neuronal iden-
tity. Bar indicates 30 m for low power micrographs, 6 m for high
power micrographs.
(D) FGFR2b is present in postnatal pons (P) and cerebellum (C), as
Figure 4. Expression of FGF7, -10, and -22 and FGFR2 in Brain assayed by immunoblotting of crude lysates with an isoform-spe-
cific antibody. Levels in cerebellum decline between P8 and P23,(A) In situ hybridization to sections of P8 (left) and P23 (right) cerebel-
consistent with the idea that cerebellar FGFR2b protein is associ-lar cortex. FGF7 is expressed in Purkinje cells at both ages. FGF10
ated with axons arising from vestibular and pontine neurons.is expressed at low levels at both ages. FGF22 is expressed at high
FGF22 Is a Presynaptic Organizing Molecule
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Figure 5. FGF-Dependent Presynaptic Differentiation of Pontine and Vestibular Axons In Vitro
(A and B) FGF22 (1 nM) promotes aggregation of synaptic vesicles in neurites extending from pontine explants. FGFR2bAP but not FGFR2cAP
(100 nM) blocks this effect (B). Treatment and staining was as in Figure 1A. Bar is 50 m.
(C and D) Quantitation of results from pontine explants such as those shown in panels A and B (C) and similar vestibular (D) explants. Methods
as in Figures 2C–2E. Bars show mean  SEM for 500 neurites per condition. *: differs from control at p  0.001 by Student’s t test (C); differs
from control at p  0.01 by Tukey test (D).
(E) Levels of vesicle proteins in pontine cultures, assessed by immunoblotting for synapsin and synaptophysin, are not detectably affected
by treatment with FGF22, FGFR2bAP, or FGFR2cAP.
(F) Granule cells induce aggregation of vesicles in pontine neurites. (Top) Chimeric coculture of pontine explant from a mouse expressing
synaptophysin-YFP (Syn-YFP) in projection neurons and dissociated granule cells (GC; marked with arrowheads) from a wild-type mouse.
YFP-positive puncta form along neurites. (Bottom) Synaptophysin-YFP pontine explant grown alone; YFP is diffusely distributed in neurites.
Bar is 20 m.
(G) Chimeric cocultures were grown for 2 days in the presence of alkaline phosphatase (AP), FGFR2bAP, or FGFR2cAP, then doubly stained
with antibodies to YFP and MAP2. In controls, YFP-positive puncta form predominantly at points of contact with MAP2-positive granule cells.
FGFR2bAP, which binds FGF7, -10, and -22, inhibits formation of puncta. Bar is 40 m.
(H) High-power view of neurites in a chimeric coculture, showing that synaptophysin-YFP-rich puncta are localized predominantly at sites of
contact with MAP2-positive granule cell dendrites. (Pontine neurites are faintly MAP2-positive with this staining protocol.) Bar is 5m.
(I and J) Quantitation of results from chimeric cocultures made with synaptophysin-YFP-positive pontine (I) and vestibular (J) explants. Numbers
of puncta and granule cells were counted in each of 5 20 fields per experiment. Number of granule cells per field did not differ significantly
among conditions. Bars show mean  SEM for five experiments. *: differs from control at p  0.01 by Tukey test.
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2000; De Paola et al., 2003) and selected lines in which cells (as assessed by the width of the residual external
granule layer; 30  3 m in both untreated and treatedthe mossy fibers were YFP positive (see Figure 6A). We
then generated chimeric cocultures in which pontine or cerebella), the lamination of the cerebellum, the entry
of axons into the cerebellar cortex, the placement andvestibular explants were obtained from the synaptophy-
sin-YFP mice and the granule cells were taken from size of Purkinje cells, or the density of granule cells
(Figure 6B and data not shown). However, animals in-wild-type mice. Whereas YFP was diffusely distributed
when explants were cultured alone, it was redistributed fused with FGFR2bAP had fewer synaptophysin-YFP-
positive aggregates in the granule layer than uninjectedinto puncta in cocultures (Figure 5F), and the puncta
were usually apposed to processes of granule cells (Fig- animals or animals that received FGFR2cAP. As shown
in Figures 6C–6E, infusion with FGFR2bAP led to signifi-ure 5H). FGFR2bAP inhibited formation of YFP-positive
varicosities by 70% in pontine explant-granule cell cant decreases in the number, size, and intensity of
synaptophysin-YFP aggregates. To ensure that the ef-cocultures and by 80% in vestibular explant-granule
cell cocultures; FGFR2cAP had no significant effect on fects observed in transgenic mice reflected aggregation
of endogenous presynaptic components, we repeatedvaricosity formation in either type of coculture (Figures
5G, 5I, and 5J). We also found that pontine and vestibular these experiments in wild-type mice, using antibodies
to synaptophysin and synapsin to monitor presynapticneurites were more extensively branched in cocultures
with granule cells than in explants grown alone, and differentiation. FGFR2bAP inhibited aggregation of both
endogenous proteins (Figure 6F). Western blotting re-branching was decreased in the presence of FGFR2bAP.
These results suggest that FGF22 or a related molecule vealed no significant differences between control and
FGFR2cAP-treated cerebella in levels of vesicle-associ-mediates the presynaptic organizing effect of granule
cells on their inputs. ated (synapsin and synaptophysin) or active zone-asso-
ciated proteins (Bassoon and RIM), suggesting that theTo ask whether FGFR2bAP inhibited presynaptic dif-
ferentiation by direct or indirect means, we performed a treatment affected the distribution rather than the overall
amount of these proteins (data not shown). Moreover,series of control experiments. (1) We stained cocultures
with anti-neurofilament antibody, which labels pontine it is unlikely that FGF signaling controls the level of
synaptophysin-YFP because its expression is driven byand vestibular neurites more intensely than granule cell
neurites. FGFR2bAP had no detectable effect on num- an exogenous (thy-1) promoter that is highly active in
numerous classes of projection neurons (Feng et al.,ber or length of pontine or vestibular neurites (Supple-
mental Figures S1A–S1C at http://www.cell.com/cgi/ 2000). Based on these results, we conclude that an
FGF22-like activity is required for promoting presynapticcontent/full/118/2/257/DC1). (2) We asked whether FGF22
or FGFR2bAP affected the morphology or vesicle distri- differentiation of mossy fibers in the granule cell layer
of the cerebellum.bution of granule cells cultured alone and found that it
did not (Supplemental Figure S2). (3) Likewise, granule To ask whether FGFR2bAP affected presynaptic dif-
ferentiation in all populations, we examined regions ofcells had similar shapes and sizes in the presence and
absence of pontine explants. (4) We stained cocultures the hindbrain adjacent to the cerebellum. Synaptophy-
sin-YFP aggregates were smaller in this area than in thewith markers for glia (anti-GFAP and S-100). Glia were
present within the explants, but none were present in cerebellum, probably reflecting the fact that synaptic
rosettes formed by mossy fibers are composed of multi-regions of outgrowth, where pontine neurites contacted
granule cells. Neither FGF22 nor FGFR2bAP affected ple synaptic varicosities. FGFR2bAP had no detectable
effect on vesicle aggregation in the hindbrain (Figure 6G).levels of GFAP or S-100 immunoreactivity within the ex-
plants, or the appearance of glia outside of the explants,
or the level of GFAP as assessed by immunoblotting FGFR2-Dependent Presynaptic
(Supplemental Figure S1D and data not shown). To- Differentiation In Vivo
gether, these results support the idea that FGF22 or a Effects of FGF22 on presynaptic differentiation of mossy
closely related protein directly mediates the presynaptic fibers are likely to be mediated by FGFR2b. To test this
organizing effects of granule cells on pontine and vestib- idea, we asked whether effects of deleting FGFR2 were
ular neurites. similar to those of neutralizing FGF22-like molecules.
Both FGFR2 null mutants and isoform-specific FGFR2b
mutants are lethal before the time that synapses formFGF-Dependent Presynaptic
Differentiation In Vivo in the cerebellum (E10.5 for FGFR2 and P0 for FGFR2b;
Xu et al., 1998; De Moerlooze et al., 2000). We thereforeNext, we used the FGFR2bAP and FGFR2cAP fusion
proteins and synaptophysin-YFP transgenic mice to ask used a conditional allele of FGFR2 (Yu et al., 2003) so
that we could disrupt the gene postnatally but beforewhether an FGF22-like activity promotes presynaptic
differentiation in vivo. Proteins were injected into the mossy fibers form synapses on granule cells. For inacti-
vation, we mated the conditional mutants to mice bear-lateral ventricle of the brain at P3. At this time, granule
cells are migrating to the internal granule layer and ing a ubiquitously expressed transgene in which Cre
recombinase was fused to the ligand binding domain ofmossy fibers are entering this layer, but substantial syn-
apse formation onto granule cells has not yet occurred. an estrogen receptor (Guo et al., 2002; Buffelli et al.,
2003). The receptor had been mutated to prevent bind-Animals were sacrificed at P8 when, as noted above,
functional mossy fiber-granule cell synapses are nu- ing of the endogenous steroid while maintaining sensi-
tivity to the synthetic ligand, tamoxifen. Thus, injectionmerous.
Neither FGFR2bAP nor FGFR2cAP fusion proteins of tamoxifen to newborn pups or their nursing mother
led to FGFR2 deletion during the first few postnatal days.had any detectable effect on the migration of granule
FGF22 Is a Presynaptic Organizing Molecule
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Figure 6. FGF-Dependent Presynaptic Differentiation of Mossy Fibers In Vivo
(A) (Left) Sagittal section of hindbrain from a P21 synaptophysin-YFP transgenic mouse, showing expression of YFP in hindbrain nuclei and
in the granule layer of the cerebellum. (Right) Higher magnification views of cerebellum show punctate fluorescence in mossy fibers of granule
layer. P, Purkinje cell layer; Mol, molecular layer. Bars are 500 m, 20 m, and 4 m for the three panels.
(B) Cerebella of synaptophysin-YFP mice that were injected with 2 g FGFR2bAP or FGFR2cAP on P3 and fixed on P8. Neither protein
detectably affected the morphology of the cerebellum (assessed by Nissl staining) or the entry of mossy fibers (assessed with anti-neurofilament)
as compared to untreated control. FGFR2bAP but not FGFR2cAP inhibited formation of aggregates of YFP-positive mossy fiber varicosities
in the granule layer.
(C–E) Effect of FGFR2bAP and FGFR2cAP on the number of YFP-positive aggregates per granule cell (C), average aggregate size (D), and
the mean intensity of YFP within aggregates (E). For quantitation, FGFR2AP-injected mice were compared to mice injected with AP alone.
Bars show mean  SEM for 50 sections from five mice per condition. *: differs from control at p  0.01 by Tukey test.
(F) Effect of FGFR2bAP, injected as in (B), on synaptic vesicle aggregation in the granule cell layer of wild-type mice, assessed by immunostaining
with anti-synapsin or anti-synaptophysin.
(G) Effect of FGFR2bAP on synaptic vesicle aggregation in the vestibular nucleus of synaptophysin-YFP mice. Injection and analysis as in
(B). Bars in (B), (F), and (G) are 50 m.
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Figure 7. FGFR2-Dependent Presynaptic Differentiation of Mossy Fibers In Vivo
FGFR2 was inactivated postnatally by administration of tamoxifen to FGFR2flox/flox; actin-cre-er mice.
(A) Inactivation of FGFR2 had no detectable effects on the morphology of the cerebellum (assessed by Nissl staining), the entry of mossy
fibers (assessed with anti-neurofilament), or the density of granule cells (assessed with anti-NeuN).
(B and C) Inactivation of FGFR2 inhibited presynaptic differentiation in the granule cell layer of the cerebellum as assessed by staining for
synapsin, synaptophysin, or bassoon. Animals were analyzed at P14 (B) or at P22 (C).
(D) Inactivation of FGFR2 had no detectable effect on vesicle aggregation in the vestibular nucleus. Bars are 50 m for (A)–(D).
(E–G) Effect of FGFR2 inactivation on the number of synapsin-positive aggregates per granule cell (E), average aggregate size (F), and the
mean intensity of synapsin immunofluorescence within aggregates (G). Lobule X was used for quantitation. Bars show mean  SEM for 50
sections from five mice per condition. *: differs from control at p  0.01 by Tukey test.
(H) FGFR2 in brain extract prepared from FGFR2flox/flox; actin-cre-er, FGFR2flox/; actin-cre-er and FGFR2/; actin-cre-er mice. All mice received
tamoxifen postnatally from maternal milk; hindbrain and cerebellum were analyzed by immunoblotting at P14; films were scanned and density
of bands calculated. Bars show values from three mice.
PCR of genomic DNA confirmed excision, and levels of active zone protein, Bassoon (Figure 7B). Effects of
FGFR2 inactivation, assessed by synapsin staining,FGFR2 protein were reduced by 80% (Figure 7H and
data not shown). Animals appeared healthy for at least were similar to those of FGFR2bAP and included de-
creases in the number, size, and intensity of synapsin-three weeks.
Postnatal inactivation of FGFR2, like postnatal neu- rich aggregates in the granule layer (Figures 7E–7G).
Effects measured at P22 were similar to those observedtralization of FGF22-like factors, had no detectable ef-
fects on granule cell migration, cerebellar lamination, at P14 (Figures 7C and 7E–7G). Thus, although we do
not know whether FGFR2 inactivation inhibits or merelyneurite ingrowth, or granule cell density (Figure 7A).
However, presynaptic differentiation in the granule layer delays presynaptic differentiation, our results support
the former possibility.was substantially inhibited, as shown by staining for
the vesicle protein synapsin and synaptophysin and the Finally, because tamoxifen was administered systemi-
FGF22 Is a Presynaptic Organizing Molecule
267
cally in these experiments, FGFR2 was excised through- pect that FGF22 is the predominant organizing molecule
in cerebellum because its RNA is expressed by granuleout the body. We were therefore able to use these
animals to ask whether presynaptic differentiation cells at much higher levels than FGF7 or -10. FGF7 and
-10 may, however, play predominant roles at other syn-was globally dependent on FGFR2-mediated signaling.
FGFR2 excision had no detectable effect on vesicle ag- apses. Testing these roles will require inactivating the
FGFs rather than their receptors. Targeted mutants ofgregation in vestibular nuclei (Figure 7D), supporting the
idea that FGF/FGFR2 signaling mediates presynaptic the FGF7 and -10 genes have been generated (Guo et
al., 1996; Min et al., 1998), but to date no studies of theirdifferentiation of specific neuronal subpopulations.
synapses have been reported. Mutation of the FGF22
locus is underway.Discussion
FGF22 as a Presynaptic Organizer The FGF Family
FGF family members play numerous roles in neural de-Treatment of cultured neurons with an extract of mouse
forebrain caused a redistribution of synaptic vesicles velopment, including neural induction, patterning of the
neural plate, regulation of neuroblast proliferation andin their neurites, leading to the formation of clusters
resembling those found in presynaptic varicosities. Us- survival, and differentiation of neuronal subtypes (re-
viewed in Dono [2003]; Reuss and von Bohlen und Hal-ing this redistribution as an assay, we purified a major
active protein from the extracts and identified it as bach [2003]). No neural roles have been reported, how-
ever, for members of the FGF7/10/22 subfamily. It isFGF22. We then obtained several lines of evidence in
support of the idea that FGF22 is a target-derived orga- therefore tempting to propose a unique presynaptic or-
ganizing role for this subfamily.nizer of presynaptic differentiation: (1) Recombinant
FGF22 induced aggregation of synaptic vesicles in neu- On the other hand, at least some FGFs from other
subfamilies were also active in our assay. Their activitiesrites, as assayed with stains for three vesicle compo-
nents, synapsin, SV2, and synaptophysin (Figure 2A). differed, however, from those of FGF7, -10, and -22.
FGF4, -6, and -9 induced vesicle clustering but not neu-(2) Vesicles in FGF22-induced clusters were capable
of depolarization-dependent recycling, as monitored by rite branching, while FGF17 and -18 induced neurite
branching but not vesicle clustering. FGF4, -6, and -9uptake and release of FM1-43 (Figures 2B and 2F). (3)
FGF22 also induced branching of neurites in a pattern all signal predominantly through the “IIIc” splice variants
of FGFR1 and 2 (Ornitz et al., 1996), suggesting that thethat might contribute to formation of a terminal arbor
(Figures 2A and 2E). (4) FGF22 exerted effects on both IIIc forms may also be involved in synaptic development.
Previous studies have shown that each FGF is ex-vesicle clustering and neurite branching at a physiologi-
cal concentration (0.25 nM; Figure 2H). (5) Effects of pressed in a distinct pattern, and we have found that
some of their activities are cell type specific. BecauseFGF22 were direct (they were seen in low-density cul-
tures highly enriched for a single neuronal type and responses to FGFs are mediated by a large set of FGFR
isoforms (at least seven alternatively spliced isoformslacking nonneuronal cells) and specific (they were unac-
companied by detectable effects on neuronal migration of four FGFRs, each with a distinct specificity) and mod-
ulated by heparan sulfate proteoglycans, variations inor survival or neurite length). (6) FGF22 is expressed by
specific neuronal populations during the period that they receptor and proteoglycan repertoire are likely bases
for such cell type-specific responses. Thus, a picturereceive synapses (Figure 4A). (7) One population that
expresses FGF22, the cerebellar granule cells, receive emerges in which different FGF family members have
distinct effects, are expressed by distinct cell types, andtheir principal innervation from pontine and vestibular
neurons, which express the main FGF22 receptor, act on distinct subsets of targets. Thus, FGFs could be
involved not only in synaptic differentiation per se butFGFR2 (Figure 4B). (8) FGFR2bAP, which binds FGF22,
inhibited presynaptic differentiation of pontine and ves- also in the specificity with which particular inputs syn-
apse on particular targets.tibular axons, called mossy fibers, both in vitro (Figure
5) and in vivo (Figure 6). (9) Conditional deletion of FGFR2
impaired presynaptic differentiation of mossy fibers Multiple Regulators of Presynaptic Differentiation
in vivo (Figure 7). Together, these results provide strong Several proteins have been proposed to be target-
evidence that FGF22, or a closely related molecule, is derived organizers of presynaptic differentiation in mam-
a target-derived presynaptic organizer for cerebellar mals (reviewed in Scheiffele [2003]; Yamagata et al.
mossy fibers. [2003]). One, laminin 2, is largely confined to the neuro-
muscular synapse, but others are broadly distributed in
brain. What is the relationship between these proteinsThe FGF7/10/22 Subfamily
Although the evidence that FGF22 can promote presyn- and FGFs? One obvious possibility is that different orga-
nizers organize different synapses. However, two candi-aptic differentiation is strong, there is a caveat to the
evidence that it does so in vivo. FGF7 and -10, the two dates, neuroligin and WNT7a, were previously impli-
cated in formation of the mossy fiber synapse (Scheiffeleclosest relatives of FGF22 (Figure 3C), share its ability to
promote vesicle clustering and neurite branching in vitro et al., 2000; Hall et al., 2000), which we now show to be
dependent on FGF22. We therefore believe that multipleand are expressed by neuronal subsets in vivo. More-
over, the two methods that we used to demonstrate a organizers are involved in guiding formation and matura-
tion of a single synapse.role for FGF signaling—neutralization with FGFR2bAP
and conditional deletion of FGFR2—would not distin- Much of our thinking about synaptic organizing mole-
cules is derived from the neuromuscular junction, whereguish among these three closely related FGFs. We sus-
Cell
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Histologynerve-derived z-agrin plays a predominant role in organiz-
Tissues were fixed in 4% paraformaldehyde infiltrated with 30%ing numerous aspects of postsynaptic differentiation;
sucrose, frozen, and sectioned at 15 m in a cryostat. Sectionsthere is currently little evidence for other nerve-derived
were blocked in 2% BSA and 0.1% TritonX-100 for 1 hr, followed
postsynaptic organizers at this synapse (reviewed in by incubation with primary antibodies for 2 hr at room temperature
Sanes and Lichtman [2001]). In contrast, presynaptic or overnight at 4	C. Secondary antibodies were applied for 1 hr at
room temperature and slides were mounted with p-phenylenedia-differentiation may be controlled in a more complex way.
mine to retard fading. Images captured with a CCD camera (Optron-At the neuromuscular junction, motor nerve terminals
ics) were analyzed with Metamorph.form normally in embryos lacking laminin 2, but their
Sources of antibodies were as follows: anti-synapsin (a kind giftmaturation is severely compromised (Noakes et al.,
from Paul Greengard); anti-SV2 (Developmental Studies Hybridoma
1995; Sanes and Lichtman, 1999; H. Nishimune and Bank); anti-Neurofilament (Sternberger); anti-MAP2 (Sigma); anti-
J.R.S., submitted). Conversely, maturation of mossy fi- NeuN (Chemicon); anti-Synaptophysin (Zymed); and anti-Bassoon
(Stressgen). Neuro Trace 435 (Molecular Probes) was used as aber-granule cell synapses is delayed in mutants lacking
fluorescent Nissl stain.WNT-7a, but their final differentiation is unperturbed
In situ hybridization was performed as described by Schaeren-(Hall et al., 2000). Thus, distinct target-derived factors
Wiemers and Gerfin-Moser (1993) using digoxigenin-labeled ribo-may act together to organize presynaptic differentiation,
probes and alkaline phosphatase detection (Roche Molecular Bio-
with individual factors specifying appropriate sites for chemicals). The FGFR2 probe encoded the transmembrane region.
synaptogenesis, localizing subsets of presynaptic com- The FGF10 probe was described by Bellusci et al. (1997). The FGF7
and FGF22 probes were generated by PCR from the 3
 untrans-ponents, promoting functional maturation, and main-
lated regions.taining the release apparatus once it has matured.
FGF22 and its relatives may be involved in any of these
processes. An important next step in the effort to under- Recombinant Proteins
stand synaptogenesis will be to determine how multiple A cDNA coding for mouse FGF22 was isolated from a mouse brain
factors cooperate to organize presynaptic differenti- mRNA by RT-PCR. The coding region of the FGF22 cDNA excluding
the sequence encoding the signal peptide was ligated to the gluta-ation.
thione-S-transferase (GST) gene in the pET-41 vector (Novagen).
GST-FGF22 fusion protein was expressed in E. coli and bound toExperimental Procedures
glutathione-agarose (Sigma). FGF22 was cleaved from GST by en-
terokinase, which was then removed on Ekapture-agarose (Nova-Purification and Identification of Synaptic
gen). Other FGFs were obtained from Peprotech or R&D Systems.Organizing Molecules
AP and AP fusions were produced by transiently transfecting corre-Forebrains from 100 P7 mice were homogenized in 400 mM NaCl,
sponding plasmids into COS cells (Ornitz et al., 1992). Secreted AP1 mM EDTA, 1 mM EGTA, 10 mM Tris (pH 7.5), containing 0.1 mg/ml
fusion proteins were purified by affinity chromatography on anti-APPMSF, then spun at 20,000 g for 30 min. The supernatant was
agarose (Sigma).dialyzed against buffer A (10 mM Tris pH 8.0), applied to a DEAE-
Sepharose FF column, and eluted with a 0–500 mM linear NaCl
gradient (AKTAprime FPLC System; Pharmacia). Active fractions Pontine/Vestibular Explants-Granule Cells Coculture
were pooled, diluted in buffer A, applied to a 20 ml HiTrap Q column, Pontine or vestibular nuclei dissected from P0.5 wild-type or synap-
and eluted with a 100–200 mM NaCl gradient. Active fractions were tophysin-YFP (see below) transgenic mice were cut into pieces and
concentrated (Centriplus10, Amicon) and loaded onto a Superdex- cultured in 8-well Lab-Tek Permanox chamberslides coated with
200 HR10/30 gel filtration column, which was run with Buffer A plus poly-D,L-ornithine and laminin (Baird et al., 1992). The explants were
150 mM NaCl. Active fractions were dialyzed against 20 mM sodium cultured for 48 hr in serum-free medium (Yuzaki and Mikoshiba,
acetate buffer (pH 5.0), applied to a MONO-S HR 5/5 column, and 1992) with or without granule cells. Dissociated granule cells were
eluted with a 0–500 mM NaCl gradient. Active fractions were concen- prepared as described by Yuzaki and Mikoshiba (1992) from P5–P9
trated with Centricon 10 (Amicon), separated on a 4%–15% gradient mouse cerebellum and added to the explants at 50,000 cells per
SDS-polyacrylamide gel, and stained with Colloidal Blue Stain (No- cm2. Recombinant proteins were added to the culture media at the
vex). The 20 kDa band was excised, digested with trypsin, and time of plating.
subjected to matrix-assisted laser desorption ionization mass
spectrometry at the Keck Biotechnology Resource Laboratory, Yale
University. Databases were searched with the detected masses Animals
using ProFound (http://prowl.rockefeller.edu/profound_bin/ Transgenic mice in which a synaptophysin-YFP fusion protein was
WebProFound.exe). expressed under the control of regulatory elements from the thy-1
gene (Feng et al., 2000; De Paola et al., 2003) were generated by
standard methods. For use in this study, we selected a line (line 10)Motoneuron Assay
Motoneurons from E5 chick spinal cord were purified and cultured in which vestibular and pontine neurons were YFP positive by P0–P2.
Actin-cre-er (Guo et al., 2002) transgenic mice and conditionalessentially as described by Henderson et al. (1996), using Metrizam-
ide density gradient centrifugation. Motoneurons were chosen be- FGFR2 mutants (Yu et al., 2003) were described previously. Tamoxi-
fen was administered by intraperitoneal injection to newborn pupscause they differentiate quickly in low-density culture; chicks were
used instead of mice for convenience. Motoneurons were plated at (0.1 mg on P0; Buffelli et al., 2003) or to their nursing mothers (1 mg/
day for 5 days starting on the day of delivery; Leone et al., 2003).2000 cells/well in 8-well Lab-Tek Permanox chamberslides coated
with poly-D,L-ornithine and laminin (Invitrogen). Cultures were main- Genotypes and efficacy of tamoxifen treatment were confirmed by
PCR (Yu et al., 2003). FGFR2 and FGFR2b antibodies were fromtained in L-15 medium with insulin, putrescine, conalbumin, proges-
terone, sodium selenite, and 2% horse serum. Proteins or extracts to Santa Cruz and R&D systems, respectively.
For treatment with blocking reagents, wild-type or synaptophysin-be tested were added at the time of plating except where indicated.
For styryl FM dye imaging, cultures were loaded for 90 s with YFP pups were anesthetized by hypothermia on P3. Two micro-
grams fusion protein in 2 l PBS was injected at 0.6 mm rostal and10 M FM1-43 in a modified Tyrode solution containing 107 mM
NaCl, 47 mM KCl, 2 mM MgCl2, 10 mM glucose, 10 mM HEPES- 0.8 mm lateral to bregma and 2 mm deep to the skull surface.
The optimal location was determined in preliminary experiments byNaOH pH 7.4, and 2 mM CaCl2. After washing for 10 min, cultures
were treated with 4 mM or 90 mM KCl Tyrode (KCl plus NaCl held Trypan Blue injections. After surgery, pups were revived on a heating
pad then returned to their mother. The pups were sacrificed at P8constant). Images were captured with a CCD camera (Photometrics)
and analyzed with Metamorph imaging software (Universal Imaging). for analysis.
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